Immunohistochemical techniques were used to describe the distribution of the calcium binding proteins calretinin, calbindin and parvalbumin as well as synaptic vesicle protein 2 in the vestibular nuclei of the Tokay gecko (Gekko gecko). In addition, tract tracing was used to investigate connections between the vestibular nerves and brainstem nuclei. Seven vestibular nuclei were recognized: the nuclei cerebellaris lateralis (Cerl), vestibularis dorsolateralis (Vedl), ventrolateralis (Vevl), ventromedialis (Vevm), tangentialis (Vetg), ovalis (VeO) and descendens (Veds). Vestibular fibers entered the brainstem with the ascending branch projecting to Vedl and Cerl, the lateral descending branch to Veds, and the medial descending branch to ipsilateral Vevl. Cerl lay most rostral, in the cerebellar peduncle. Vedl, located rostrally, was ventral to the cerebellar peduncle, and consisted of loosely arranged multipolar and monopolar cells. Vevl was found at the level of the vestibular nerve root and contained conspicuously large cells and medium-sized cells. Veds is a large nucleus, the most rostral portion of which is situated lateral and ventral to Vevl, and occupies much of the dorsal brainstem extending caudally through the medulla. VeO is a spherically shaped cell group lateral to the auditory nucleus magnocellularis and dorsal to the caudal part of Vevl. Vevm and Vetg were small in the present study. Except for VeO, all other vestibular nuclei appear directly comparable to counterparts in other reptiles and birds based on their location, cytoarchitecture, and connections, indicating these are conserved features of the vestibular system.
Introduction
Geckos possess remarkable motor capabilities compared to other reptilian taxa. For example, Tokay geckos (Gekko gecko) move freely on vertical surfaces and across ceilings (Aerts et al., 2000; Autumn and Peattie, 2002) . In view of these behavioral abilities, it is reasonable to hypothesize that neural adaptations have arisen in this taxa compared to ground-moving lizards. A logical starting point for investigating the neural basis of such capabilities is the vestibular system, since previous studies have shown that the tree squirrel possesses the longest striola and greatest number of cells in the saccular and utricular macule, as well as the longest cristae and greatest number of cells in the cristae ampullae in six rodent species when taking body mass into account (Desai et al., 2005a,b) , thus implying that arboreal species adapted for moving or jumping may possess enlarged otolith organs and possibly other vestibular specializations Table 1. Tokay gecko semicircular canals do not differ in length and diameter from snake and turtle canals, and the time constants of theta/II in the Steinhausen equation which describes the biophysics of fluid flow in the semicircular canals are of magnitudes similar to those reported in mammals (Ramprashad et al., 1986) . Nevertheless, other vestibular specializations may exist, insofar as Tokay geckos are a freely roaming species where individuals exhibit rapid coordinated motor behaviors such as jumping on rocks and tree trunks, walking across the ceilings of buildings (Tang et al., 2001; Zaaf and Van Damme, 2001) , and rapidly flipping themselves rightside-up by a tail swing if dropped accidentally from a height (Jusufi et al., 2008) . Thus, it may be hypothesized that one or more brainstem vestibular nuclei are anatomically specialized in the Tokay gecko compared to other reptiles.
Six vestibular nuclei are generally recognized in birds and mammals. In mammals the vestibular complex is composed of four "classic" nuclear groups: the medial, descending, Deiters, superior nuclei, and "other" vestibular nuclei such as the parasolitary nucleus, Y-group and nucleus intercalatus (Barmack, 2003) . Similarly, there are six homologous vestibular nuclei in chickens and pigeons: the medial, descending, lateroventral Deiters, laterodorsal Deiters, superior, and tangential nuclei (Wold, 1976; Schwarz and Schwarz, 1986; Dickman and Fang, 1996; Popratiloff and Peusner, 2007) .
Turtles and lizards share four vestibular nuclei, including the dorsolateralis, descendens, ventrolateralis and ventromedialis nuclei. Lizards also possess the nucleus tangentialis, an additional vestibular nucleus that is not found in turtles (Foster and Hall, 1978; Bangma and Donkelaar, 1983; Barbas-Henry and Wouterlood, 1988) . To date, the vestibular nuclear complex of reptiles has been visualized in Nissl stained material, which has provided information about the cytoarchitectonic features used for the description and identification of each nucleus. In the present study, we combined three methods, i.e. Nissl staining, neural tract tracing, and immunohistochemistry based on antibodies raised against calcium binding proteins, to delineate the vestibular nuclei of G. gecko. The use of calcium-binding protein immunohistochemistry is highly useful in studying the evolution of this system insofar as previous studies in birds and mammals have shown that these proteins are useful cross-phyletic markers (Baizer and Baker, 2005) . Anterograde tracing methods were used to trace axonal projections from their source (the cell body or soma) to their point of termination (the synapse). The complementary technique is retrograde tracing, which is used to trace neural connections from their termination to their source (synapse to cell body). Tracers can be introduced into either living or fixed tissue, and are transported along nerve cell processes to reveal their origin and termination. Both anterograde and retrograde tracing techniques are based on axonal transport processes (Rajakumar et al., 1993) .
Methods

Subjects
This study was based on data from 31 adult individuals of G. gecko of both sexes. Six animals were used for Nissl staining, 22 animals for immunohistochemistry including Western blots and histochemical staining of tissue. Three animals were used in tract tracing experiments. All animal care and anesthesia procedures followed those approved by the Institutional Animal Care and Use Committee of University of Maryland and the Chengdu Institute of Biology, Chinese Academy of Sciences. The geckos were anesthetized with a mixture of isofluorane and room air in a small chamber, followed by i.p. injections of euthasol at a dose of 7 mg/kg. Once the geckos were deeply anesthetized (no response to toe pinch, depressed respiration), they were perfused transcardially with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer solution (PBS, pH 7.4) for 1 h.
Nissl staining and immunohistochemical procedures
The brains were postfixed in 4% paraformaldehyde overnight at 4 C and cryoprotected in 30% sucrose in 0.1 M phosphate buffer. The brains were then embedded in tissue freezing medium (Jung, Heidelberg, Germany) and sectioned on a freezing microtome or cryostat at 40 mm thickness, with all sections collected in order in PBS. For Nissl staining, sections were mounted, counterstained with cresyl violet, dehydrated, and coverslipped.
Immunohistochemical procedures started with free-floating sections pre-incubated for 1 h in a blocking solution of 10% normal goat serum diluted in 0.1 M phosphate buffer solution (PBS, pH 7.4) containing 0.3% Triton X-100. Subsequently, sections were incubated for 2 days at 4 C with antisera against 1) calretinin (CR, 7699/66; Swant, Belinzona, Switzerland) diluted 1:5000; 2) calbindin (CB, 300; Swant) diluted 1:3000; 3) parvalbumin (PV, PA-235; Sigma, St. Louis, MO) diluted 1:2000 and 4) synaptic vesicle protein 2 (SV2, Hybridoma Bank, University of Iowa) diluted 1:1000. After washes, sections were incubated for 1 h in biotinylated goat anti-rabbit (for CR), goat anti-mouse (for PV, CB, SV2) or mouse anti-goat (for CTX, see the tract tracing procedure below) secondary antisera, diluted 1:500 in PBS. Sections were then incubated in the avidinebiotin-peroxidase complex (Vector Laboratories, USA), followed by the SG reaction (Vector Laboratories, Burlingame, CA) which is a peroxidase substrate kit used to produce blueegray reaction products. Sections were then mounted, airdried, dehydrated, and coverslipped. Some sections were additionally counterstained with neutral red.
Antibody specificity was determined using Western blot analyses of Tokay material (Yan et al., 2010) and histologically negative controls. Results showed single bands at estimated molecular weights of 29 kD for CR (Hack et al., 2000) , 28 kD for CB (Ellis et al., 1991) , 15 kD for PV (Celio, 1990; Lohmann and Friauf, 1996) and 18 kD for SV2 (Baumert et al., 1989) . Three negative controls were designed to test labeling in the reactive condition in which the following changes: 1) primary antibody replaced with the blocking solution, 2) secondary antibody replaced with PBS or 3) avidinbiotin-peroxidase replaced with PBS. For tract tracing, 3 cases with robust tracer staining and transport were used in the analyses.
Tract tracing
For neurosurgery, geckos were maintained at about 25 C using a heating blanket with feedback control. A dorsal surgical approach was used to expose the VIIIth nerve. If necessary, small paper probes were inserted between the brainstem and the internal wall of the skull, deflecting the medulla slightly and exposing the proximal part of the vestibulo-cochlear nerve (VIIIth). Following surgery, the head was held in a constant position by gluing a stainless-steel head to the prefrontal bone.
The retrograde tracer neurobiotin (NB, Molecular Probes, WA) diluted 1:200 and the anterograde tracer cholera toxin (CTX, List Biological Laboratories, CA) diluted 1:500 were injected into the VIIIth nerve with tracer-filled glass pipettes. Since Tokay brains are small, tracers were iontophoresed using alternating positive currents of 1e2.5 mA for 10e20 min, i.e. 7 sec on, 7 s off. The craniotomy was sealed with a small gelfoam plug, followed by tissue glue (Vetbond, 3M) and the animal was unglued immediately from the stainless-steel head. Geckos recovered for 0.5e4 days in their home cages before they were euthanized and perfused as described above. Tract tracing with CTX was visualized by immunohistochemical procedures, using an antibody against CTX raised in goat. Similar steps were taken to visualize NB, beginning with incubation in the avidinebiotin-peroxidase complex (Vector Laboratories, USA, see above). In order to discriminate the boundary of each vestibular nucleus, the midbrain was injected with NB which retrogradely labeled somas in the vestibular nuclei of the brainstem. Fig. 1F shows the injection site within the nucleus oculomotorius which labeled exclusively vestibular cell bodies. 
Data analyses
For both immunohistochemical and tract tracing materials, photomicrographs were captured with a digital camera (NISElements F3.0) mounted on a Nikon Eclipse 55i microscope. Brightness and contrast were adjusted slightly using Image J 1.44e (NIH, USA) and Adobe Photoshop CS3 (Adobe Systems, Mountain View, CA).
Diameters of fibers in the VIIIth nerve and diameters and areas of somas in vestibular nuclei were measured with Image J 1.44e. Vestibular and auditory fibers were classified according to their location and relative size. The ShapiroeWilk test was used to estimate the normality of the distribution of the values, and the Levene test was used to determine the homogeneity of variances. We conducted the square root transformation before any statistical analyses in case values were not normally distributed or if the variances were heterogeneous.
The diameters of VIIIth nerve rami labeled with the three antibodies were examined by analysis of variance (one-way ANOVA); comparisons of the diameters of the vestibular nerve (VN) and auditory nerve (AN) and between calcium binding protein immunopositive fibers and fibers labeled by tract tracing were executed by independent sample t-tests. The resulting values were expressed as mean AE SEM; differences with p < 0.05 were considered to be statistically significant, and differences with p < 0.001 were considered to be very statistically significant. Ten Donkelaar's nomenclature proposed for vestibular nuclei in turtles ) was adopted when identifying nuclei not previously considered vestibular nuclei in geckos including Vetg and VeO although the latter was originally recognized and named by Foster and Hall (1978) . As shown below, most reptilian vestibular nuclei correspond to avian vestibular nuclei (Tellegen et al., 2001) , thus permitting homologies to be recognized between the two taxa.
Results
Each antibody tested with Western blots showed one band at the appropriate molecular weight for the corresponding protein (Yan et al., 2010) and each negative control in immunohistochemistry did not label any cells but only exhibited light background. Although more than ten animals were injected with different tracers, only three cases (two for NB and one for CTX) were used because they demonstrated robust staining at the injection site and transport. The vestibular brainstem of G. gecko contains the following targets of the vestibular nerve: 1) nucleus cerebellaris lateralis (Cerl); 2) nucleus vestibularis dorsolateralis (Vedl); 3) nucleus vestibularis ventrolateralis (Vevl); 4) nucleus vestibularis ventromedialis (Vevm); 5) nucleus vestibularis tangentialis (Vetg); 6) nucleus vestibularis descendens (Veds), and 7) nucleus vestibularis ovalis (VeO) (Foster and Hall, 1978) .
Projections of the 8th nerve
The VIIIth nerve in the Tokay gecko is divided into an anteroventral root connected with the vestibular or intracranial ganglion (vestibular nerve, VN) and a posterodorsal root connected with the intraotic ganglion (auditory nerve, AN). The transverse sections from the entrance to the brainstem show that the rostral portion of the VN is located ventral to the caudal portion of the AN (Fig. 1AeC) . After a small injection of NB into the VIIIth nerve, VN was visualized horizontally entering the brainstem beneath the AN, showing that the vestibular root divides into three branches: a dorsal ascending branch terminating within the Vedl area, a medial descending branch that projects to Vevl, and a lateral descending branch that projects to Veds (Fig. 1D ). This connection pattern was confirmed by immunohistochemical labeling using antibodies against calbindin (Fig. 1E) .
The fibers of the VN ramus were thicker than those of the AN, in immunoreactive material using antibodies against CR, PV and CB and in tracing material with NB and CTX injected into the VN (Fig. 1AeC) . The average diameter of the VN fibers was 4.14 AE 0.057 mm, which was very significantly larger (t ¼ 26.840, p < 0.001, n ¼ 60) than that of the AN fibers (2.23 AE 0.043 mm).
There was no obvious difference in either the diameter of VN fibers (F 2,57 ¼ 0.052, p > 0.05, n ¼ 20) or the diameter of AN fibers (F 2,57 ¼ 1.101, p > 0.05, n ¼ 20) labeled with different antibodies. Nor was there any obvious difference (t ¼ 0.266, p > 0.05, n ¼ 60) in the VN diameter determined by immunohistochemical (4.14 AE 0.057 mm) and tract tracing methods (4.11 AE 0.069 mm).
Locations of vestibular nuclei
Nissl stained material revealed vestibular and auditory nuclei in the Tokay brainstem (Fig. 2AeD) . Cerl is located ventral to the cerebellum ( Fig. 2A ) and rostrodorsal to Vedl, which is located rostrally near the wall of the fourth ventricle ( Figs. 2A and 3B ). Vevl and Vevm are located immediately ventral to the cochlear nuclei (Figs. 2B, C, 3C) . A small Vetg was found lateral to Vevl and caudally; VeO is located lateral to the auditory nucleus magnocellularis (NM) (Figs. 2B, C, 3A) , and adjacent to Veds, which appeared nearly circular in transverse sections (Figs. 2D and 3A) .
Nucleus cerebellaris lateralis (Cerl)
In transverse sections, Cerl is located rostrally in the peduncle connecting the brainstem and cerebellum, with its long axis oriented dorsoventrally. The nucleus termed Cerm was located medial to Cerl, but does not receive input from VN. In contrast to Cerm, Cerl was labeled after injection of CTX to the VN (Fig. 4A) . Neuronal density was low in Cerl with monopolar cells as the dominant type (Fig. 4B) .
Nucleus vestibularis dorsolateralis (Vedl)
The rostral portion of Vedl was adjacent to Cerl. In horizontal sections, Vedl occupied most of the region lateral to the fourth ventricle and ended caudally at the level of the rostral pole of the nucleus angularis (NA) (Fig. 3B) . Throughout its extent, Vedl was located adjacent to the nucleus vestibularis ventrolateralis (Vevl) and lateral to NA (Fig. 4C) . Nissl staining revealed that the cells of Vedl were predominantly small to medium-sized, and stained darkly ( Fig. 2A) . Many somas in Vedl were stained using antibodies against CR and CB but not PV (Fig. 4C, D) .
The terminals in Vedl were anterogradely labeled when CTX was injected into the VN (Fig. 4E) . VN fibers were also labeled using antibodies raised against CB, with most labeled fibers found in the medioventral part of Vedl in transversal sections (Fig. 4D) , consistent with our observation that CB positive fibers traverse this region in horizontal sections (Fig. 1E) . In addition, NB injections in nucleus oculomotorius retrogradely label Vedl cells (Fig. 4F) .
CR immuno-staining labeled somas, many varicose and coarse fibers as well as indications of axon terminals such as puncta in Vedl (Fig. 4C) , while CB immuno-staining labeled mostly the cytoplasm of neurons (Fig. 4D) . Cell sizes in Vedl in immunoreactive materials were consistent with those labeled by injection of NB to the nucleus oculomotorius in the midbrain (Fig. 4F) , in which the average area of cells was 46.28 AE 2.933 mm 2 (n ¼ 21). CR immunoreactive cell bodies were both monopolar and multipolar. Monopolar cells possessed generally spindle-like somata with one neurite at the pole, located mainly at dorsolateral part while multipolar ones were irregular in shape with prominently stained primary dendrites. These neurons were located primarily in the dorsolateral and ventromedial parts of the nucleus (Fig. 4C) .
Nucleus vestibularis ventrolateralis (Vevl)
This nucleus forms a large part of the dorsomedial brainstem and receives a dense projection from the VN. Along the rostrale caudal axis, the main part of Vevl is situated caudal to Vedl, ventral to NA and NM and lateral to Vevm (Figs. 1C, 3B and 5A ). The rostral portion of Vevl is separated from Vedl by NA dorsally (Fig. 3B) and not clearly separated ventrally. Moreover many cells in Vedl were labeled with antibody against CB, thus differing from cells of Vevl which exhibited no obviously labeling (Fig. 1E) . The caudal portion of Vevl was located medial and rostral to the nucleus vestibularis descendens (Veds) (Fig. 3B ). Terminals and somas were labeled in Vevl with injection of CTX into VN and NB into the nucleus oculomotorius, respectively (Fig. 5C, D) .
Neurons in Vevl had divergent shapes and were divided into three categories on the basis of size: medium, large and giant cells.
Each category has evident discontinuity of cell sizes which were consistent between immunoreactive labeling and tract tracer labeling (Fig. 5D, E) (Fig. 5E ). Immunoreactivity with an antibody against SV2 revealed perisomatic synapses on the giant cells in addition to label on both somas and dendrites of middle and large cells (Fig. 5F ).
Nucleus vestibular tangentialis (Vetg)
This nucleus was embedded in the vestibular nerve root, in a narrow region between the edge of the brainstem and Vevl (Figs. 2B and 6B ). The obvious differences between Vetg and Vevl were that neurons in Vetg were lightly labeled after an injection of tracer to the nucleus oculomotorius compared with Vevl. Vetg contained mainly small to medium sized cell bodies (Fig. 6A) . In addition, some terminals were observed in the nucleus after CTX injection to VN (Fig. 6B) .
Nucleus vestibular ventromedialis (Vevm)
Vevm formed a triangular profile ventral to NM and caudal NA, and ventromedial to Vevl (Fig. 2C ). As seen in former studies Barbas-Henry and Lohman, 1988) , labels were found in this nucleus after injection of CTX tracers to VN (Fig. 6D) . Neurons in Vevm were relatively homogeneous in size and shape, as visualized with NB injection to the midbrain (Fig. 6C) .
Nucleus vestibular ovalis (VeO)
VeO was an almost spherically shaped nucleus based on profiles observed in sections in both the horizontal and transverse planes and located lateral to NM (Figs. 2C and 3A) . Somas and neuropils were heavily labeled with PV antibody and only slightly with CR or CB antibody (Fig. 7AeC ). An injection of NB to the nucleus oculomotorius that labeled exclusively vestibular nuclei in the brainstem labeled some neurons in VeO which was composed of a fairly uniform population of medium-sized neurons (Fig. 7A, D) .
Nucleus vestibularis descendens (Veds)
Nissl and CB immunoreaction labeling revealed that the rostral Veds was located ventrally within the vestibular complex, merging with the ventral Vevl and Vevm at the level of NM (Figs. 2C and 3B) . The boundaries between Veds, Vevl and Vevm were readily visualized (Fig. 3C) . At the central level, Veds was an oval nucleus occupying much of the dorsal portion of the brainstem in transverse section (Figs. 2D and 8A ), while at the caudal levels, Veds occupied the dorsal-most portion of the brainstem (Fig. 8B) . The nucleus was labeled after injections of CTX to VN (Fig. 8C) and NB to the nucleus oculomotorius in the midbrain (Fig. 8D) , respectively. The somas exhibited uniform size and similar shape (Fig. 8D) .
Discussion
The distributions of the calcium-binding protein immunoreactivity for calbindin, calretinin and parvalbumin and the synaptic vesicle protein SV2 present a firm basis for recognizing the similarities and differences in the organization of the vestibular complex in Gekko compared to other taxa (Baizer and Baker, 2005) . Tract tracing provides additional information about the projections and connections of the vestibular nuclei in the brainstem.
Calcium-binding proteins in the vestibular system
Previous studies have emphasized the utility of calcium-binding proteins as cross-phyletic markers for the vestibular system (for mRNA, Rogers, 1987 Rogers, , 1989 ; for proteins; Kevetter, 1996; Baizer and Baker, 2005) . In the mammalian vestibular system, calbindin is found mainly in fibers and axon terminals of the vestibular nerve and Purkinje cells (Celio, 1990; Baurle and Grusser-Cornehls, 1994) . Calretinin immunoreactive fibers contribute to pathways involved in eye movement modulation but not generation (Baizer and Baker, 2005) . Although the physiological functions of these proteins in the vestibular system are currently unknown, they are useful markers for anatomical mapping. For example, lesions of the vestibular nerve largely eliminate expression of calretinin in the vestibular nucleus complex and will also lower levels of calbindin. Cerebellar lesions greatly reduce calbindin labeling with no change in calretinin expression (Kevetter and Leonard, 1997) .
While several studies have used calcium binding protein expression patterns as cross-phyletic markers to study brainstem auditory nuclei in both reptiles and birds (Takahashi et al., 1987; Braun, 1990; Hack et al., 2000; Belekhova et al., 2004 Belekhova et al., , 2008 Popratiloff and Peusner, 2007; Yan et al., 2010) , only two studies have mapped the distributions of calretinin and calbindin in chick vestibular systems. Using in situ hybridization and immunohistochemistry (Rogers, 1987 (Rogers, , 1989 , these studies showed that different antibodies selectively labeled specific populations of vestibular neurons and terminals. Many large cells in the superior vestibular nucleus and Deiter's nucleus expressed calretinin, and were contacted or enclosed by calbindin-positive fibers from the vestibular nerve (Popratiloff and Peusner, 2007; Belekhova et al., 2008) . A large population of neurons in the descending nucleus was found to be calretinin-and calbindin-negative while many of the large neurons were calretinin-positive (Rogers, 1989) .
In geckos, calcium-binding proteins exhibited specific distribution patterns in both auditory (Yan et al., 2010) and vestibular nuclei. First, all three antibodies against calcium-binding proteins labeled vestibular nerve fibers. Second, calretinin-ir labeled neurons in Vedl and central Veds. Third, parvalbumin-ir and calbindin-ir labeled terminals in Vevl, while labeled neurons were located in the ventral Vevl with giant calbindin-ir labeled neurons mainly in ventromedial Vevl.
Vestibular nerve fibers
Calbindin, calretinin, and parvalbumin have been localized to neurons in the vestibular ganglion (Sans et al., 1986; Dememes et al., 1993; Raymond et al., 1993; present study) . The diameters of vestibular nerve fibers are significantly greater than those of auditory nerve fibers in all vertebrates studied to date (Kevetter, 1996; Baizer and Baker, 2005) . Wide intervals between neighboring labeled vestibular fibers suggests a sparse density of fibers containing calcium-binding proteins. The existence of large-diameter vestibular nerve fibers is consistent with the idea that these axons propagate with high velocity and fidelity (Hursh, 1939; Cullheim and Ulfhake, 1979) . Moreover, SV2-ir synapses in the Tokay gecko anchored directly on the large and giant cells in Vevl, suggesting a rapid and reliable information processing. These characteristics of the vestibular system may reflect sensorimotor adaptations previously identified in this species such as the ability to rapidly flip upright when dropped (Jusufi et al., 2008) .
Previous studies on pigeons showed that the superior, dorsal lateral, ventral lateral, medial, and descending vestibular nuclei received afferent projections from the semicircular canals and otoliths (Schwarz and Schwarz, 1986; Dickman and Fang, 1996) . Semicircular canals project approximately to medial portions of all five nuclei, and otoliths to lateral portions, with some overlap (Dickman and Fang, 1996) . The pattern of vestibular terminals in pigeons differed from that in chicks in that the vestibular nuclei received terminals from both semicircular canals and otoliths with no obvious subdivisions (Popratiloff and Peusner, 2007) .
In geckos, the primary afferent vestibular fibers projected to the ipsilateral vestibular nuclei Cerl, Vedl, Vevl, Vetg, Vevm and Veds but not to nucleus VeO. These observations are partially supported by studies on the monitor lizard in which injection of VN labeled Vedl, Vevl, Vevm, Vetg, Veds and rc/cc (Barbas-Henry and Wouterlood, 1988) and Iguana in which Vedl, Vevl, Vevm, Vetg and VeO were recognized by VN lesion technology (Foster and Hall, 1978) . Similarly, VeO were not labeled in other reptiles with injection of tracers to VN .
Organization of brainstem vestibular nuclei
The nuclear divisions revealed in the expression of calcium binding proteins in the vestibular nuclei of G. gecko proposed in this study largely agree with previous descriptions in other reptiles (Foster and Hall, 1978; Schwab, 1979; Bangma and Donkelaar, 1983; Donkelaar et al., 1983; Barbas-Henry and Wouterlood, 1988) in which five distinct vestibular nuclei are recognized. The nucleus VeO has only been described in Iguana iguana (Foster and Hall, 1978) and G. gecko (present study). Nucleus vestibular tangentialis has been recognized consistently in birds including chickens and pigeons (Wold, 1976; Schwarz and Schwarz, 1986) , and in some lizards but not in turtles and snakes Donkelaar et al., 1983; Barbas-Henry and Wouterlood, 1988) . In the present study, a putative homolog to the nucleus tangentialis was found lateral to Vevl. The conflicting reports on the existence of nuclei Vetg and VeO in the literature may reflect variation in its development or that the criteria for recognizing the cell groups are somewhat obscure (Foster and Hall, 1978; Donkelaar et al., 1983; Barbas-Henry and Wouterlood, 1988) .
As our results in the Tokay demonstrated, Vedl in red-eared turtles is located immediately ventral to the cerebellar peduncle and consists of loosely-arranged multipolar and spindle-shaped neurons (Barbas-Henry and Wouterlood, 1988) . Many neurons in Vedl in turtles and in the superior vestibular nucleus in chicks were labeled after injection of HRP into the contralateral vestibular nuclear complex (Wold, 1979a; Bangma and Donkelaar, 1983) . We hypothesize that reptilian Vedl is homologous to the superior vestibular nucleus of birds and the dorsal nucleus in frog (Straka et al., 2003) based on its similar location, commissural connections and loosely arranged neurons (Wold, 1976) . In G. gecko, Vevl contains mostly medium to large or giant cells, similar to the Vevl nucleus of the monitor lizard. It is reasonable to hypothesize that the reptilian Vevl is homologous to the nucleus Deiters (dorsalis and ventralis) in birds since both the lizard and avian nuclei lack commissural connections and instead project to the ipsilateral spinal cord (Wold, 1979a,b; Bangma and Donkelaar, 1983; Donkelaar et al., 1983; Tellegen et al., 2001) . In dolphins, nucleus Deiters appears to have a close functional relationship with the cerebellum and its relatively large size seems to correspond to the physical conditions of aquatic life and locomotion in three dimensions (Kern et al., 2009) . Accordingly, the profile of Vevl was larger in Tokay than that found in other reptiles, which might correlate to the gecko's special pattern of locomotion.
Tokay Vevm appears to be homologous to the medial vestibular nucleus in birds. The reptilian Vevm receives projections from the contralateral midbrain oculomotor centers, projects to the contralateral spinal cord and brainstem and has commissural connections in the lizard, turtle and snake (Wold, 1978; Bangma and Donkelaar, 1983; Donkelaar et al., 1983 ; present study). These characteristics are most similar to the medial vestibular nucleus in chicks (Wold, 1979a) . Interestingly, based on its position in the avian brainstem and cytoarchitecture, the avian medial vestibular nucleus is similar to the medial vestibular nucleus of mammals (Brodal and Pompeiano, 1957; Sadjadpour and Brodal, 1968) .
Although Vetg is evident in birds, there is little evidence for it in reptiles. The Vetg nucleus is difficult to delimit in mallards, pigeons and lizards (Donkelaar et al., 1987; Dickman and Fang, 1996; Tellegen et al., 2001) due to its small size and concealment by VN fibers. In chicks, the vestibular fibers with the largest diameters were found to form large axosomatic endings on the Vetg principal cells (Peusner, 1980 (Peusner, , 1981 (Peusner, , 1984 , whereas the smaller vestibular fibers formed synaptic terminals primarily on the dendrites (Cox and Peusner, 1990; Dickman and Fang, 1996) . In reptiles, no study to date shows anatomically how primary vestibular nerves project to Vetg, which is only identified by location and the staining pattern of its neurons. Vetg in birds receives VN projection from both semicircular canals and otoliths (Dickman and Fang, 1996; Popratiloff and Peusner, 2007) . Although we were able to discriminate nucleus Vetg in geckos, its function and connections in reptiles remain unknown.
In mammals, the descending vestibular nucleus is recognized on the basis of position in the brainstem and by the existence of numerous longitudinally running fibers. A similar nucleus exists in birds; however, it is not known if the avian descending vestibular nucleus is characterized by both efferent and afferent connections with the cerebellum, as is the case in mammals (Brodal, 1972; Walberg, 1972) . Both the turtles' and chicks' nucleus descendens project to the contralateral spinal cord while mallards' descendens project mainly to the ipsilateral cord (Wold, 1979a, b; Bangma and Donkelaar, 1983; Tellegen et al., 2001) . It is reasonable to hypothesize that the nucleus descendens is an evolutionarily conserved structure in the amniote vestibular system. It is notable that in the Tokay gecko, Veds is extremely large and occupies much of the lateral brainstem. In contrast, Veds occupies a far smaller portion of the brainstem in turtles . Since cells in Veds are uniform in size and similar in shape in tokays and distributed evenly in the nucleus, the large size of the nucleus indicates that more cells are available for locomotor control. In view of these connections with the spinal cord, we hypothesize that the large size of Veds in geckos may correlate with the enhanced climbing and locomotor ability of this species.
VeO was first identified as a vestibular nucleus in a lesion study of the VIIIth nerve in iguana lizards (Foster and Hall, 1978) , which might be duplicated with tract tracing technology in monitor lizards (Barbas-Henry and Wouterlood, 1988). Significantly, injection of NB to the midbrain vestibular nucleus labeled neurons in VeO, suggesting its ascending projection. Our previous study showed that injection of anatomical tracers into the auditory nerve does not result in labeled terminals and/or neurons in VeO (Christensen-Dalsgaard et al., 2011) . The homologs of VeO have not been described in birds, and its functions remain unknown in lizards.
